Abstract. In this paper, a new kind of porous metal fiber sintered sheet (PMFSS) with high porosity was fabricated with cutting stainless steel fiber. And heat transfer experiments were conducted to investigate the effect of porosity and flow rate on the heat transfer properties of PMFSS. Metal fibers formed a three-dimensional reticulated structure and numerous connected micro pore structures in the PMFSS during the sintering process Test results showed that the heat transfer coefficient of the PMFSS increases with the increasing flow rate and 80% porosity sample shows the best performance. And the pressure drop increases with the decreasing porosity. Finally, comprehensive heat transfer coefficient of the material was investigated, and the 90% porosity shows the best performance.
Introduction
Nowadays, plate heat exchangers for its high efficiency and small size have been widely used in microelectronics cooling, aerospace, chemical engineering, biomedical field, robotics, telecommunications and automotive industries [1] . The most common structures used in the plate heat exchanger are micro channel [2] and porous media [3, 4] . Porous media, for its high heat transfer capabilities, large specific area, light weight, has attracted more and more attention in recent years. The porous metal fiber sintered sheet (PMFSS), a new type of porous metals, has a three-dimensional reticulated structure featuring high porosity and large specific surface area. In the factual engineering applications, PMFSS has been widely used in filtration and separation [5] , flow field and gas diffusion [6] , catalytic reaction [7] , and so on.
Numerous researchers have attempted to use porous media in heat exchangers. Hunt et al. [8] investigated the heat transfer performance of high porosity porous material. The study showed that the thermal performance of a metal-foam heat exchanger was superior to that of conventional finned-tube heat exchangers. Boomsma et al. [9] used open-cell metal foams as compact heat exchangers. It was shown that the open-cell metal foam heat exchangers gave rise to thermal resistances that are nearly one-third of the best available conventional heat exchanger. Furthermore, Lu et al. [10] presented the effects of various metal foam parameters on heat transfer. The results showed that the overall Nussle number of the metal foam filled pipe increased with the increase of relative density or pore density. Some researchers used analytical method to investigate the heat transfer performance of porous material. Zhao et al. [11] performed analytical studies of forced convection heat transfer characteristics of pipes filled with high-porosity, open-cell metal foam. It was shown that both the pore size and the porosity of metal foams played important roles in overall heat transfer performance. Another study was made by Bhattacharya et al. [12] where an analytical and experimental investigation for the determination of the effective thermal conductivity, permeability and inertial coefficient of high-porosity metal foams was presented. This work showed that the effective thermal conductivity of the foam depends strongly on the porosity and the ratio of the cross section of the fiber and the intersection. Finally, Lacroix et al. [13] presented an interesting work describing the pressure drop behavior of metal foam for varying values of porosity and apparent density through the use of an Ergun-type porosity model.
From the above reported work, it is found that the detailed study of the heat transfer performance of PMFSS is lacking in current literatures. This paper investigates the heat transfer performance of PMFSS produced by solid-state sintering of stainless steel fibers. The micro structure of PMFSS and the surface morphologies of the metal fibers are investigated. Finally, the effects of porosity and flow rate on the heat transfer performance of the PMFSS are analyzed.
Experimental procedure
Manufacturing process of PMFSS. As reported previously [14] , the preparation of porous metal fiber sintered sheet mainly includes three processes, namely, the fabrication of cutting fibers, the mold-pressing of metal fibers, and the sintering with high temperature in a vacuum atmosphere. First, long stainless steel fibers were fabricated by a multi-tooth tool on a horizontal lathe. The tool was installed on the turret with a setting angle of 45 degrees, and it had multiple tiny teeth fabricated through wire electrical discharge machining for achieving the simultaneous fabrication of multiple fibers. The parameters of the multi tooth tool used in this study are =0.3 mm, ℎ = 0.2 mm, =30°, and =8°. Stainless steel 1Cr18Ni9Ti is used as the workpiece. The diameter of the cutting fibers was approximately 100 μm. The cutting fibers were collected by twining the fiber in a slab parallel to one another. Second, the metal fibers were cut into segments with the length ranging from 10mm to 20mm. Then, the metal fibers with random directions were uniformly put into the packing chamber of the mold pressing equipment and then pressure was applied by screwing the bolts. In this way, the semi-finished PMFSS with the same shape as the predetermined packing chamber was obtained. The dimension of the packing chamber in this study is 70mm in length, 40mm in width and 2mm in height.
Later, the mold pressing equipment was put into a vacuum furnace to prevent the oxidation of metal fibers during sintering process. The sintering temperature and holding time were set as 1200℃ and 60min, respectively. The heating rate is kept at 300℃/h when the temperature is below 800℃, while reduced to 200℃/h as the temperature is above 800℃. When the sintering process was completed, the furnace was cooled to room temperature. Finally, the mold pressing equipment was disassembled and the PMFSS with uniform thickness was formed.
The average porosity of the PMFSS can be calculated using the quality-volume method formulated by the following because the obtained porous metal has a regular geometric shape.
where V is the volume of the PMFSS(cm 3 ), M is the mass of the PMFSS (g), and ρ is the density of stainless steel (g/cm 3 ).
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Testing system and procedures. In order to evaluate the heat transfer performance of the PMFSS, a small plate heat exchanger was designed in this study. The plate heat exchanger is made up of two cover plates and two cavities plates where two PMFSSs placed in. Some gaskets made of graphite were placed in the cover plates and the cavities plates to make sure the PMFSS contact well with the plate and prevent the water leak. Fig. 2 shows the Schematic diagram of the plate heat exchanger test system, which consists of three main parts: hot water supply, cold water supply and data acquisition system. In the two water supply systems, the water temperature was controlled by two programmable temperature controllers. Water was used in the heat transfer test to simplify the experiment procedure. In order to simulate the actual working condition of the plate heat exchanger, the water temperature at the hot inlet is kept at 85℃, while the water temperature at the cold inlet is approximately a constant value 45℃. Pumps were used to drive water to the system. The flow direction of the hot water and cold water were opposite to each other, as shown in fig 3. During the experimental process, the flow rates of cold and hot water are controlled with two flowmeters separately, and the flow rates both increase from 2 L/h to 10 L/h by a step of 2 L/h. The water temperature is measured by k-type thermocouples, and then these data are transmitted to a computer via an Agilent-34970A data acquisition instrument. The pressure drops of the cold water were measured with a capacitive pressure transmitter.
The
Moreover, the microscopic morphology of PMFSS was observed using a scanning electron microscopy (S-3700N, Hitachi, Japan). Test evaluation. The heat transfer performance is estimated by the heat transfer coefficient per unit volume K V , which is defined as follows: ( )
where V stands for the overall heat transfer volume. ψ is the heat exchanger correction factor, here the value takes 1.
Q is the total heat transfer quantity between the two fluids, which can be expressed by the heat absorbed by cold water.
) (
where q m is the mass flow of cold water, and C p is the molar heat capacity of water at constant pressure △T stands for the logarithm mean temperature difference as follows:
Where T hi and T ho are the inlet and outlet temperatures of hot water, respectively. T ci and T co are the inlet and outlet temperatures of cold water, respectively.
Results and discussion
Micro Structure of PMFSS. Fig. 4 shows the SEM images of the porous metal fiber sintered sheet sintered at 1200℃ for 60 min.
We can see from the figure that there are many sintering joints and connected pore structures in the PMFSS. Before sintering, stainless steel fibers were distributed randomly in the pressing mold. During the mold pressing process, metal fibers contact with each other and formed a porous structure. While, in the sintering process, the contact joints between metal fibers were easily to form the sintering joints under the effect of high sintering temperature and long holding time as a result of material migration. Finally, the sintering joints and the metal fibers formed the three-dimensional reticulated structure of the PMFSS, as shown in Fig. 4 . As shown in the previous work [15] , we could found that there were two kinds of sintering joints present in the PMFSS including point to point contact and fiber to fiber surface contact. And these two kinds of sintering joints formed two kinds of pore structures; they are point pore structure and long strip pore structure, as shown in Fig.4a and 4b , respectively. In addition, a lot of microstructures are found on the surface of the metal fibers in the PMFSS after sintering. These microstructures may not only increase the specific surface area, but also possibly improve the heat transfer performance of the PMFSS for that they can affect the flow condition of the liquid in the PMFSS. Heat transfer coefficient per unit volume. Heat transfer coefficient is an important parameter to evaluate the heat transfer performance. Porosity, as the most important feature of porous materials, plays an important role in determining the properties of porous material. In this study, the effect of porosity on the heat transfer of PMFSS was investigated using three porosities of 70%, 80% and 90%, and an empty experiment without any heat exchanger parts was done as a comparison. respectively, while the K v of 70% porosity sample is only 298.6 kw·m -3 ·K -1 . It can be indicated that high porosity porous metal fiber sintered sheet performs good in high flow rate.
The reasons are as follows: when flow rate is small, fluid flows slowly in the micro pores between metal fibers, so there is enough time for the heat exchange between hot water and cold water, and the samples with different porosities show almost the same properties. At this moment, the porosities have little effect on the heat transfer performance. While when the flow rate is higher, the fluid pass through of the porous metal is faster, the time for the heat exchange happens is not enough. But the samples with high porosities have more pore structures, and the heat transfer area is bigger than those with lower porosities. So the heat transfer performance of high porosity is better than that of low porosity at high flow rate.
These results can help us to design the PMFSS with higher heat transfer coefficient by improving the porosity of the PMFSS. Pressure drop. Pressure drop is another parameter to evaluate the heat transfer performance. Three samples with 70%, 80% and 90% porosities were selected to investigate the pressure drop of the plate heat exchanger. The pressure drop between cold water inlet and outlet of each sample in the heat exchangers is shown in Fig.6 . We can see from the figure that the pressure drop increases with the flow rate, and the increasing trend is getting bigger with the flow rate. The pressure drop of 70% porosity is just 528.8Pa in 2L/h, while it reaches to 2828.1Pa in 10L/h.
And the pressure drop increases with the decreasing porosity especially in high flow rate. The biggest pressure drop happens in 70% porosity at the flow rate of 10 L/h, it is 2828.1Pa, and however, it is only 1280.3 of 90% porosity at 10L/h. these results are similar with the results of Dukhan [16] , where the pressure drop was significantly higher for low porosity metal foams.
These results are attributed to the following reasons. On the one hand, for the PMFSS with low porosity, it includes larger number of stainless steel fibers to form the three-dimensional reticulated structure, so there are not so many micro pores in the PMFSS. Furthermore, these structures reduce the effective volume for working fluid to pass through, lead to the increase of flow resistance. As flow resistance increased, the pressure drop increases. On the other hand, the average pore size of low porosity samples is smaller than those with high porosity; this will also lead to more resistance when water passes through the pore structure.
Therefore, these two aspects both increase the pressure drop of PMFSS with low porosity. Comprehensive heat transfer coefficient. In practice, what we want is not only to enhance the heat transfer coefficient but also to decrease the pressure drop of the liquid in the heat exchanger, so a comprehensive parameter should be carried out to evaluate the comprehensive heat transfer performance. We choose the ratio of K v to △P as the comprehensive heat transfer coefficient to estimate the heat transfer performance of PMFSS. Fig.7 shows the K v /△P-qv curves of different porosities in the heat exchanger. The best comprehensive heat transfer coefficient of the three samples all were obtained at the flow rate of 2L/h, the value reaches to 628.3W·m ·Pa -1 respectively. From these results, we can see that one way to increase the heat transfer coefficient per unit volume of a conventional plate heat exchanger is to replace the fins by a porous structure. Under this condition, the heat exchange surface area can reach very high values. However, this increase amplifies the pressure drop of the fluid circulating in the porous matrix. It is therefore necessary to determine the optimal parameters of the porous medium in order to maximize the heat transfer with regard to the pressure drop. These results above can give us some useful information in practice. In order to get the best heat transfer performance, we could choose different porosity of PMFSS, and adapt the heat transfer parameters to get the optimum result.
Conclusion
The following conclusion can be concluded from this work,
(1)A novel porous metal fiber sintered sheet (PMFSS) was fabricated via solid sintering process with cutting stainless steel fiber, the manufacturing process of the PMFSS can be divided into three steps: the fabrication of cutting fibers, mold pressing process and sintering process. This material has a three-dimensional reticulated structure featuring high porosity and large specific surface area. There are numerous micro structures on the surface of the metal fiber and the PMFSS.
(2)PMFSS can enhance the heat exchange performance obviously. Porosity and flow rate have important effect on the heat transfer performance of the PMFSS. Experimental result shows that the heat transfer coefficient increases with the flow rate and the 80% porosity sample shows the best performance. And the pressure drop increases with the flow rate and the decreasing porosity. Finally, the comprehensive heat transfer coefficient decreases with the decreases of flow rate and the decreasing porosity. The best value was obtained at 90% porosity at 2L/h, it is 628.3W·m .
